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Introduction
The Controls Advanced Research Turbine (CART) began as a Westinghouse WTG-600 wind turbine installed at Kahuku Point on the island of Oahu, Hawaii (Figure 1 ). The turbine was operated commercially for about 10 years. 
System Description
The turbine, especially the pitch system, was extensively modified to make it suitable for controls testing. The original hydraulically actuated pitch system ( Figure 4 ) was replaced with a high-speed electromechanical pitch system ( Figure 5 ). The electromechanical system consists of a servo drive electronics box that drives a three-phase permanent magnet servo motor. This motor is connected to a gearbox that in turn drives the blade through a pinion and bull gear system. This new system enables high bandwidth independent pitch control of the blades. A completely new generation system was also added to the CART. The original system consisted of a synchronous 4160 VAC generator directly connected to the grid by an auto synchronizer ( Figure 6 ). This generator (white cylindrical object on the left) was connected to the gearbox through a fluid coupling (silver disk shaped object in the center). This coupling was necessary to provide slip and damping to the stiff, un-damped system. The new generator is a squirrel-cage induction generator directly connected to the gearbox ( Figure 7 ). It is connected to the grid through full processing power electronics that can directly control generator torque ( Figure 8 ). The power electronics also have a special feature consisting of a group of contactors that are linked to the controller. The contactors make up a bypass system that can short out the power electronics system. Essentially, this enables the generator to be directly connected to the grid as though the power electronics were not available. The power electronics system makes it possible to control the turbine in either full variable-speed mode or, by activating the bypass system, as a constant-speed machine. A completely new control system was also designed and constructed for the CART. This system has a personal Fi computer ( that enables nearly complete flexibility in the gure 9) type of control that can be implemented. All the data and control systems are connected to the computer through a series of interface systems. Software is written in ANSI C and has nearly unlimited capabilities. Because this software has access to all the data channels and controllable components of the turbine, a nearly infinite combination of control systems can be developed. The control loop runs at 100 Hz which enables the controller to control the turbine with a high bandwidth. A wide variety of custom instrumentation was also added to the CART. It was designed to allow a high degree of flexibility in the type of control algorithm that can be implemented. Most of the sensors are designed to measure properties in one of three categories: Performance (torque and power sensors), loads (strain gauges, accelerometers and position sensors) or meteorological (wind speed, direction, temperature and pressure). A summary of CART capabilities is in Table 1 and a data acquisition and control summary is in 
Commissioning
Commissioning a new turbine and control system is a long and difficult process. Hardware must be installed and checked out, instruments calibrated, sensors and control outputs checked, and software written and validated.
Because this is not just a large turbine that must be controlled and protected but also a test bed, this process becomes even more complex. With many instruments and many possible control paradigms a near infinite combination of failures can occur. Therefore, the protection system must be intelligent and flexible.
The protection system is written almost entirely in software to enable the use of more sophisticated protection and detection algorithms. However, software is difficult, if not impossible, to fully validate.
Several strategies have been employed to mitigate this effect.
One of the most important strategies is to test and debug any new control algorithm with a simulator before allowing it to control the machine. A simple wind turbine simulator was written into the control code on the machine. Using this simulator, the control code can be exercised with simulated inputs before it is allowed to operate the machine.
Simulations are inherently inaccurate because they always produce only a subset of possible field conditions. As a result, simulations of the control code can identify only certain types of errors. Ultimately, the code must be tested on the machine. Because this process can damage the machine, an operator must closely monitor the algorithm's performance to ensure the system performs properly.
To facilitate this close monitoring, real-time displays of data are available to the operator ( Figure 9 ). Data are continuously streamed to disk and can be quickly analyzed in Matlab ® using functions and scripts specifically developed by the CART team for this experiment. In this way, control changes can be quickly tested and difficulties eliminated.
Before data collection could be collected in bulk, the controller had to function properly. Because this turbine can be operated in both constant and variable-speed modes, two controllers had to be tuned.
A known difficulty of a constant-speed wind turbine is the method of starting the machine and connecting the generator to the grid: soft start, hard start, wind start, etc. For this test a wind start was used and the generator connected to the grid after synchronous speed was reached. Two examples of this type of start are shown in Figure  10 . The trace labeled "Hard Start" is an early example wherein the pitch system failed to appropriately damp oscillations in torque after generator connection was initiated at approximately one second on the plot. The trace labeled "Good Start" is a later example in which this problem was corrected. This is an example of the type of control problem that must be solved during the commissioning of a new machine and control system. Others are when to start and stop, how to perform a high-wind shut down, how to perform an emergency stop and how to control power in high winds. These problems have been solved in the CART's control system. When the wind reaches a certain value, called the rated wind speed, the generator can no longer absorb any additional rotor power that additional wind would provide. The method of controlling this power is critical to the turbine designer. When this machine is in the constant-speed mode, power is controlled by collectively pitching the blades to feather in response to the output of a PID (proportional, integral, derivative) controller. Figure 11 and Figure 12 are examples of two controllers used during constant-speed testing. The newer controller does not allow the large excursions above 600 kW that the earlier controller permitted. This is another example of the continuous improvement that is necessary during the commissioning process. When the turbine is operated in variable-speed mode, placing the turbine on line is not a problem because torque can be controlled via the power electronics. This enables the control system to transition smoothly from not operating to operating with none of the discontinuities associated with closing a contactor (an issue with constant-speed mode).
Although pitch angle control is still used, the turbine (when it is operating at or near rated power) is controlled differently in variable rather than constant-speed mode. Because generator power cannot be independently controlled in constant-speed mode, pitch is used to control aerodynamic power and hence generator power. In variable-speed mode, generator power can be precisely controlled. This is done by sending a command to the power converter for the torque required at rated power. Since torque times speed is power and speed can be separately controlled by the pitch system, a request for torque is essentially a request for power. Figure 13 is an example of this type of control. Note how well power is controlled in this mode in comparison to the control in Figure 12 . Additionally, the figure shows that rotor speed is also being tightly controlled at the same time. 
Data Collection
Aside from turbine and control system commissioning, the primary purpose of the testing during FY 2002 was to acquire baseline data for comparing all other control systems. Because this turbine can be operated in either a constant or a variable-speed mode, two complete data sets -one for each type of control -had to be collected. These data sets needed to be long enough to perform statistically significant analyses. The results of previous tests indicated that at least 50 hours of data in each mode would be enough if a wide range of conditions were experienced during that time. Table 3 contains a list of the ten minute constant-speed data sets that were collected during this phase. The format is month, day, hour, minute. For example, 12141516 was collected on December 14 at 1516 UTC (Coordinated Universal Time). Table 4 lists the variable-speed data collected. More than 50 hours of data were collected in each mode of operation.
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After 50 hours of data were collected in each configuration, extra time was still available during the wind season. This time was used to experiment with a slight control system modification to the variable-speed controller (Table 5) . This turbine has a particular dynamics issue with the first tower natural frequency. This mode of vibration can be excited by rotor 2P when the high-speed shaft is rotating at or near 1,112 RPM. This equates to a low-speed shaft speed of 25.76 RPM. Because this speed is within the normal operational range of the variable-speed controller, this mode can be excited quite often during normal operation.
There are many ways to handle such a resonance problem but we decided to try to avoid this speed while operating. Generator torque was used to hold the speed just below or above this resonance point, or to rapidly transition through the resonance. An example of this strategy is shown in Figure 14 . The speed that would cause tower resonance (represented by the horizontal line) is avoided or passed through at a high rate. 
Conclusion
During FY2002, the CART turbine and controller were developed and commissioned. This included developing and checking out the protection and operational control systems. More than 50 hours of data were collected in constant and variable-speed modes. A new strategy, which underwent limited testing on the machine, was created for avoiding tower resonance. All the data from the checkout through the operational periods were organized, archived, and backed up.
A 
Future Work
The turbine was prepared for the FY 2003 wind season. The first two control paradigms that will be tested are the tower resonance avoidance system and an optimally tracking rotor system. Other controllers under final development include a system for optimal rotor tracking and blade load reduction with full state feedback, a system designed to operate the machine optimally without advance knowledge of the rotor's performance characteristics and a system for reducing extreme loads while parked. Several other control systems are in various stages of development and will be implemented when feasible.
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